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l. EXECUTIVE SUMMARY

In the Supplemental Report of the 2003 Budget Act 2003-04 Fiscal Year, the Legislature
directed the State Air Resources Board (ARB or Board) to investigate and provide a
one-time report to the Governor and the Legislature by March 1, 2004, on control
technologies that reduce oxides of nitrogen (NOx) emissions from gas-fired power
plants and that do not use or produce toxic or hazardous materials or create other
environmental impacts. The directive was included as item 3900-001-0001 in the
Budget Act Report and states the following:

“Power Plant Emission Control Systems. On or before March 1, 2004, the Air
Resources Board shall report to the Legislature and the Govemor on the benefits,
detriments, and advisability of using technologies that reduce or eliminate NOx
emissions from gas-fired power plants and that do not use or produce toxic or
hazardous materials or create other significant adverse environmental impacts. This
report shall be prepared in consultation with the appropriate policy and fiscal
committees of the Legisiature, air districts, and the public.”

Stakeholder Participation

As stated, the Legislature required the ARB to develop this report in consultation with
the appropriate policy and fiscal committees of the Legislature, air districts, and the
public. Staff made conscious efforts to ensure that the appropriate stakeholders were
aware of, and had an opportunity to participate in, the report development process.
ARB staff’s public outreach efforts involved contact and/or interaction with:

o Government agencies (California Legislature, California Energy Commission,
California air pollution control and air quality management districts, Califomia
Independent System Operator, United States Environmental Protection Agency);

o Industry (basic equipment vendors, energy consultants, emission control equipment
vendors, power producers);

o Organizations (Institute of Clean Air Companies, Independent Energy Producers,
American Lung Association of Califomia, Natural Resources Defense Council,
California Councit for Environmental and Economic Balance); and

o other interested parties.

Staff contacted over 400 affected parties (including individuals and organizations) by
one or more of the following means: telephone, electronic mail, or regular mail. In
addition, staff developed and regularly updated (with list serve notification) a web page
(http://www.arb.ca.gov/energy/noxlegrpt.htm) describing the report, its status, and
contact information. Primary outreach activities included:

a site visit to a power plant to observe a gas turbine equipped with the SCONOx™
catalytic absorption system;

o survey of 20 NOx emission control system vendors requesting environmental impact
and cost data for gas turbine power plants [Note: feedback via survey was limited to



five respondents representing selective catalytic reduction (SCR), Xonon Cool
Combustion™ catalytic combustor, Low Emissions Combustor Liner, and SCONOX];

a survey of power plant operators to obtain feedback on the performance and
operation of SCR;

o discussion of the report with representatives of the California Air Pollution Control
Officers Association (CAPCOA); and

o Public Consultation Meeting.

A draft of the report was made available for public comment prior to finalization.
Scope of the Report

Considering the Legislature’s intent and consulting with affected stakeholders, ARB staff
determined that the report should focus on a particular segment of the power generation
sector. The following summarizes the major components:

o Electrical generating units at fossil gas-fired power plants may consist of boilers,
turbines, or reciprocating engines. Recent activity in the electrical generation sector
in California has consisted primarily of the construction of large new power plants
comprised of simple- or combined-cycle turbines fueled by natural gas. For the
purposes of this report, gas-fired power plants are defined to include new
installations of natural gas-fired turbine electrical generating power facilities with
capacities of 50 megawatts (MW) and greater.

o California has one of the most effective New Source Review programs in the
country, with requirements for advanced emission control technology on new and
expanding sources as its foundation. Therefore, this report focuses on NOx control
technologies that can meet or assist in meeting emission levels currently established
as best available control technology (BACT) by California air regulatory agencies.
The current BACT level for NOx emissions from natural gas-fired electrical
generation turbines is <2.0 parts per million by volume on a dry basis at 15 percent
oxygen (ppmvd at 15% O;) and <3.0 ppmvd at 15% O, for cogeneration/combined-
cycle and simple-cycle power plants, respectively.

Use of the Report

This report is intended to be used strictly as an informational document, providing an
overview of available NOx emission control technologies for natural gas-fired turbine
power plants (herein “gas turbines”) and a description of some of the auxiliary
environmental impacts that may be considered when evaluating power plant projects.
The report is not intended to establish new BACT emission levels or certify or validate
any emission levels purported to be achieved at various facilities. In addition, the report
is not intended to be used as a substitute for a California Environmental Quality Act
(CEQA) review or any other environmental analysis required by a regulatory agency in
accordance with applicabie laws, ordinances, regulations, or standards.



Findings

This report does not include conciusions or recommendations. Instead, it provides
information that can be used as a starting point in conducting more detailed site-specific
analyses of the environmental advantages and disadvantages of control technoiogies
that reduce NOx emissions from natural gas-fired power plants. The research
performed and data collected to complete this report have provided the following
findings for further consideration in conducting such evaluations:

Emission Contro! Methods and BACT

a

The SCONOX catalytic absorption system produces beneficial NOx, carbon
monoxide (CO), and volatile organic compound (VOC) emission reductions
without the associated environmental impacts from ammonia use and can
achieve emission levels required as BACT in California. At this time, the system
has been demonstrated on smaller turbine applications (<43 MW).

Selective catalytic reduction (SCR) in conjunction with an oxidation catalyst
produces beneficial and comparable NOx, CO, and VOC emission reductions as
SCONOx and can achieve emission levels required as BACT in California.
Auxiliary environmental impacts from SCR are associated with the use of
ammonia.

Lean premix combustors are effective up-front pollution prevention devices but
cannot currently achieve the level of NOx emissions required as BACT in
California.

Lean premix combustors in conjunction with SCONOx or SCR have
demonstrated the ability to achieve the progressive NOx emission leveis required
as BACT in California.

The Xonon Cool Combustion system has shown to be an effective pollution
prevention device that can achieve NOx emission levels required as BACT in
California for both simple-cycle and cornbined cycle gas turbine power plants
without the associated environmental impacts from ammonia use; however, the
technology has limited applications at this tirne.

The Low Emission Combustor lli Liner is a relatively new aftermarket poliution
prevention device without the associated environmental impacts from ammeonia
use. Initial installations have shown the ability to achieve sub-5 ppmvd NOx
emission levels, which may satisfy BACT requirements in some cases. A testing
and validation prograrn is under way to refine the device to achieve NOx
emissions equivalent to BACT without the need for post-combustion emission
control. Currently, the technology is more marketable as a retrofit control
technology. It is limited to specific turbine types but is expanding its base.



Environmental Impacts
.3 Where ammonia and particulate matter emissions are a concern, elimination or
minimization of ammonia slip or application of an ammonia catalyst is an option.

o Depending on the types and quantities of constituents, spent SCR catalysts may
be considered hazardous wastes. However, there are programs in place to
manage the catalysts by recycling components or disposing of the catalysts in
approved landfills.

o  With respect to the hazards associated with anhydrous and aqueous ammonia, it
appears there is no compelling reason not to use SCR for NOx emission control
unless there are unusual circumstances specific to a power plant site that would
deem ammonia use a high-risk alternative.

Cost of Control

o Available cost data indicates that SCR used in conjunction with an oxidation
catalyst costs less than SCONOx for the same level of emissions reduction.
More detailed cost comparison information is presented in Chapter V.




L. CALIFORNIA POWER GENERATION AND AIR QUALITY PROFILE

A. . Power Generation in California

According to the California Energy Commission (CEC), the total electricity demand in
California in 2002 was nearly 275,000 gigawatt-hours (GWh), or an average of
approximately 31,000 megawatts (MW) output throughout the year. The infrastructure
in place to meet this demand consists of power plants with a total installed capacity of
55,800 MW within California and another 6,200 MW of capacity located in Arizona,
Nevada, Utah, and New Mexico owned by California utilities. As shown in Table 1i-1,
the highest percentage of electricity is generated in fossil fuel-fired power piants. Of this
in-State “fired” generation capacity, 57 percent is produced by boilers, 42 percent by
combustion turbines, and one percent by reciprocating internal combustion engines.

Coal .

Geothermai 48 2,562.0 4.8%

Hydroelectric 386 14,117.0 26.2%
Nuclear 2 4,310.0 8.0%

QiVGas 343 28,962.0 53.8%
Solar 14 4126 0.8%

Wind 104 1,815.0 3.4%

Waste-to-energy 102 ~1,083.0 2.0%

1,012 53,811.1

Source: California Energy Commission, 2001 Database of California Power Plants

Natural gas plays a dominant role in California’s fuel-fired generating system and is the
preferred fuel because of its cleaner combustion characteristics compared to other
fuels. Natural gas has negligible suifur, which limits sulfur compound emissions;
negligible ash, which limits particulate matter emissions; and NOx emission rates that
are generally lower than from other fuel types. The mixture of fuel-fired resources that
provide electric energy to the State is shown in Figure Ii-1.

Figure iI-1. California In-State Fuel-Fired Generation

. AghNaod Waste Process/Refinery Gas
2.25%

Municipai Solid Waste
0.20%

CoaV sy
Poticleum Coke-/ Diesal
1.64% 0.55%

0.87%

Source: California Energy Commission



The passage of Assembly Bill 1890 (Statutes of 1996, Chapter 854) deregulated the
electric utility industry in California and prompted an increase in new power plant
construction. The majority of these projects have consisted of large plants (500 MW
and greater) producing electricity using stationary combustion turbines fueled with
natural gas and equipped with state-of-the-art air pollution control technologies. Since
1999, the CEC has approved power plant applications totalling 15,767 MW-—of these,
8,311 MW have come online since 2000. Additional projects amounting to about
5,200 MW are currently under review at the CEC; another 780 MW have been publicly
announced.

B. Power Plant NOx Emissions

Traditionally, the pollutant of most concern from gas turbines is NOx. NOx emissions
are of particular concern due to their contribution to ground-level ozone formation and
acid rain. In the lower atmosphere, NOx combines with reactive organic gases in the
presence of sunlight to form ground-level ozone, which is the primary component of
urban smog. In addition, nitric oxide and nitrogen dioxide are components of acid rain.
Figure 11-2 contains the most recent estimates (2002) of annual average daily NOx
emissions (tons per day, or tpd) from all stationary sources in California. The fuel
combustion category is the largest NOx contributor at 82 percent of total emissions.
Within the fuel combustion category, power-generating units contribute about 19
percent of NOx emissions from all fuel burning sources (electric utilities and
cogeneration subcategoeries). For compariscn, the estimated NOx emissions from all
maobile sources in the State are 2,696 tons per day, versus 501 tons per day for all fuel
combustion statichary sources.

Figure 1i-2. 2002 Statewide Estimated Annual Average NOx Emissions from Stationary Sources

Fuel Combustion
500.6 tpd

M Elpctric Utikiss, 623 ipd

B Cogenaration, 30.8 tpd

S O8 & Gas Production, 35.3 tpd
OPetroleum Refining, 43.4 tpg
EManufacturing & indusirial, 131.3 tpd
HFood & Ag Procaasing, 40.7 tpa

Industrial P-rocesses
94.0 tpd

Patroleum Production &

! DService & Commarcial, 80.9 tpd
Marketing K Cther, 78.2 1pd J
12.8 tpd e
Waste Disposal
2.6tpd

Cleaning & Surface
Coatings
0.4 tpd

Source: California Energy Commission

Over 85 percent of the fuel-fired generating units have some level of NOx control
employed and almost 60 percent use SCR for NOx emission control. Emission controis



empioyed on fuel-fired turbines are summarized in Table 11-2. Approximately 93 percent
of turbines have some level of NOx control.

Table lI-2. California Power Generating Turbine NOx Emission Control Technologies

Type of Controi S t B No f Unit C MW
Gas Turbines. . SR ST

Selective Catalyttc Reduction or SCR (mcludes umts 183 8,620.0
that have other up-front controls such as DLN)

SCONOx 3 68.8
Xonon Cool Combustion 1 15
Dry Low-NOx Combustors 31 1,427.9
Steam Injection 17 970.8
Water Injection 138 2,296.0
Uncontrolled 27 517.9

400 13,903

Source: Air Resources Board Power Plant Database
C. Regulation of Emissions

Air quality regulations limit emissions from new pollutant sources through performance
standards and requirements to obtain emission reductions from existing sources
through the use of retrofit technologies. Regulations require the installation of control
devices, fuel use restrictions, operational limits, offsetting of emission increases, and
caps on total emissions from a source.

New Source Review and Best Available Control Technology

New Source Review (calied NSR) is a preconstruction permitting program that regulates
new and existing sources that emit or have the potential to emit any pollutant (or
precursor) above specific thresholds for which there is a State or federal ambient air
quality standard. Best available control technology (BACT) is the cornerstone of the
program—requiring a new or expanded source to meet the most stringent emission
level achievable by current technology. NSR rules allow growth while minimizing
emissions. Emission increases that remain after the application of BACT are offset with
reductions in emissions at existing sources to result in no net increase in emissions.

In 1999, the Board adopted the Guidance for Power Plant Siting and Best Available
Control Technology. The guidance is a non-regulatory document intended to assist the
local air quality management and air pollution control districts (air districts) in making
permitting decisions as they participate in the CEC's power plant siting process. The
guidance helps ensure that new gas turbine power plants employ BACT and are
constructed and operated in a way that eliminates or minimizes adverse air quality
impacts. The BACT emission levels recommended by ARB staff in the guidance are
summarized in Table II-3. Using the guidance as a benchmark, the emission control
technologies described in this report are those that have the ability to meet or are an
integral component in meeting California BACT emission levels for natural gas-fired
turbine power plants. [t should be noted that the recommended BACT emission levels
in Table {I-3 were considered to be contemporaneous with the publishing of ARB's



guidance and are subject to change if operational data or advances in technology
demonstrate that lower levels have been achieved or are achievable at a reasonable

cost. Since adoption of the guidance, ARB staff believes electrical generation gas
turbines can meet lower levels.

Table 1I-3. Summary of BACT for Gas Turbine Power Plants of 50 MW and Greater

... NOx ~ CO VOC PM10 SOx NH,
_Combined-Cycle and Cogeneration Configurations: ;. . SRR N BRIk 5. 0k o
2.5 ppmvd @ 8 ppmvd @ 2 ppmvd @ Emission limit corresponding to <5 ppmvd @
15% O;, 1-hour  15% Og, 3-hour 15% Qg, 1-hour natural gas with fuel suffur 15% O,
rolling average  rolling average rolling average content <1 gr/100 scf
OR 2.0 ppmvd OR 0.0027
@ 15% O3, 3- Ib/MMBtu
hour roliing (HHV)
e BVErage
+.Sunple-Cycle Configuratiohs = S s
5 ppmvd @ 6 ppmvd @ 2ppmvd @ Emission limit corresponding to <5 ppmvd @
15% Oy, 3-hour 15% Oy, 3-hour 15% O,, 3-hour natural gas with fuel sutfur 15% O,
rolling average  rolling average  rolling average content <1 gr/100 scf
OR 0.0027
(b/MMBtu
(HHV)




lil. EMISSION CONTROL METHODS

This chapter focuses on five poliutant control technologies that reduce NOx emissions
from electrical generation natural gas-fired turbines. For each control technology, a
description of how the device works and a summary of emission performance
capabilities are provided. As mentioned previously, the control technologies described
in this chapter are those that have the ability to meet or that facilitate meeting the ARB’s
recommended BACT emission levels for power plant gas turbines.

A. Selective Catalytic Reduction

Selective catalytic reduction (SCR) of NOx using ammonia as the reducing agent was
first patented in the United States in the 1950s. In California, SCR is the most widely
developed and applied post-combustion NOx control technology for power plants. The
institute of Clean Air Companies (ICAC) reports that more than 100 systems have been
instalied in combined-cycle gas turbine applications in the United States since 1986.

1. Technology Description

Selective catalytic reduction is a post-combustion control technology capabie of
reducing NOx emissions by about 80 to 95 percent. Selective catalytic reduction
systems selectively reduce NOx by combining ammonia (NH3) and oxygen (O;) with
NOx in the turbine exhaust gas in the presence of a catalyst to form molecular nitrogen
(N2} and water (H,O). The primary chemical reactions are shown below.

Chemistry of the SCR Process
4NO + 4NH;3 + Oz = 4N; + 6H20
2NO:z + 4NH3 + O2 = 3Nz + 6H:0

The catalyst, comprised of parallel plates or honeycomb structures, is installed in the
form of rectangular modules, downstream of the gas turbine in simple-cycle
configurations and into the heat recovery steam generator (HRSG) portion of the gas
turbine downstream of the superheater in combined-cycle and cogeneration
configurations. A typical SCR system is comprised of an ammonia storage tank,
vaporization and injection equipment for ammonia, a booster fan for the flue gas, a SCR
reactor with catalyst, and instrumentation and control equipment.

The turbine exhaust gas must contain a minimum amount of oxygen and be within a
particular temperature range in order for the SCR system to operate properly. The
temperature range is dictated by the cataiyst, which is typically made from noble metals,
base metal oxides, or zeolite-based material. Typical temperature ranges for SCR
catalysts are shown in Table llI-1. Keeping the exhaust gas temperature within these
ranges is important. If it drops below, the reaction efficiency becomes too low and
increased amounts of NOx and ammonia will be released out the stack. If the reaction
temperature gets too high, the catalyst may begin to decompose. Turbine exhaust gas



is generally in excess of 1000 °F. Heat recovery steam generators cool the exhaust
gases before they reach the catalyst by extracting energy from the hot turbine exhaust
gases and creating steam for use in other industrial processes or to turn a steam
turbine. In simple-cycle power plants where no heat recovery is accomplished, high
temperature catalysts that can operate at temperatures up to 1050 °F, are an option.

Table lli-1. Typical Operating Temperatures for SCR Catalysts

. Catalyst
Platinum
Vanadium 575-850
Zeolite 650-1050
2. Emission Performance

The majority of gas turbine power plants installed in Califomia since 1999 have utilized
turbines equipped with dry low-NOx combustors in conjunction with SCR to achieve the
required BACT emission level for NOx. A sampling of permitted NOx emission limits for
facilities employing SCR for NOx control is given in Table 1i}-2. Information on
additional facilities, as well as permit limits for other pollutants and required controls, is
included in Appendix A.

Table llI-2. Recent NOx Limits for Gas Turbine Power Plants Using SCR

2.0 ppmvd cC SCR ' 9/29/99  Sithe Mystic Development Operating

LLC, Everett, MA (1,550 MW)
2.0 ppmvd cC Dry low-NOx 5/21/99  Lake Road Generating Co., Qperating
combustors with SCR Killingly, CT (840 MW}
2.0/3.5 cC SCR 3/16/01  ANP Blackstone, Biackstone, Operating
ppmvd MA (550 MW)
2.5 ppmvd SC Water injection with 272502 Wallingford Energy, QOperating
SCR Wallingford, CT (225 MW)
2.5 ppmvd SC Water injection with NA New York Power Operating
SCR Authority/Hell Gate, Bronx,
NY (94 MW)
3.5 ppmvd SC Water injection with 4/11/01  West Springfield Operating
SCR Redevelopment Project, West

Springfield, MA (84 MW) _

CC: Combined Cycle, SC: Simple cycle
Combined-Cycle and Cogeneration Gas Turbines
The most stringent NOx BACT limit established for an operational combined-cycle or

cogeneration gas turbine is 2.0 parts per million by voiume on a dry basis at 15 percent
oxygen (ppmvd at 15% O,) averaged over 1 hour with ammonia slip limited to 2.0 at

10



15% O,. This NOx emission ievel was first achieved at ANP Blackstone in Blackstone,
Massachusetts, on two 180-MW ABB GT-24 gas turbines equipped with SCR. These
units have been operating since mid-2001.

On April 16, 2003, the South Coast Air Quality Management District (South Coast
AQMD) established new BACT emission levels for combined-cycie and cogeneration
gas turbines of 2.0 ppmvd NOx and 3.0 ppmvd CO at 15% O, 1-hour average. The
BACT leveis were determined to be achieved-in-practice based on operating data from
the ANP Blackstone site. Source test data from 2001 and 2002 accepted by the
Massachusetts Department of Environmental Protection showed compliance with the
permit limits, except for a July 2001 50-percent load test on Unit 2 that exceeded the
PM10 limit. Unit 2 was retested in December 2001 and was well below the limit.
Results of certified continuous emissions monitoring system (CEMS) data available
from U.S. EPA’s Acid Rain web site for the first three quarters of 2002 showed NOx in
compliance with the 2.0 ppmvd limit with very few exceptions during over 2,300 hours of
operation of Unit 1 and over 3,700 hours of Unit 2. More exceedances were observed
during the first year of operation; however portions may have been representative of
commissioning activities.

Emission test data results for ANP Blackstone as well as other similar power plants
indicate compliance with NOx emissions of 2.5 ppmvd at 15% O; or less through the
application of SCR in conjunction with dry low-NOx combustors. Available source test
data results are summarized in Appendix B Table B-1.

Simple-Cycle Gas Turbines

The most stringent NOx BACT limit for an operational simple-cycle gas turbine is

2.5 ppmvd at 15% O, averaged over 1 hour with ammonia slip limited to 6 ppmvd at
15% O averaged over 3 hours. This NOx limit is required in the permit for Wallingford
Energy in Wallingford, Connecticut, on five 45-MW GE LM6000 gas turbines. The
turbines are equipped with water injection and SCR for NOx control and have been
operating since 2001. The Connecticut Department of Environmental Protection stated
that the facility had initial problems meeting the NOx and ammonia slip limits
concurrently, but reported that those problems have been fixed and the units now run in
compliance.

Emission test data for similar power plants indicate compliance with NOx emissions of
5 ppmvd at 15% O; and less through the application of SCR in conjunction with
water/steam injection or dry low-NOx combustors. Source test data resuits available
from representative plants are included in Appendix B Table B-2.
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It should be noted that most recent simple-cycle gas turbine power plant instaliations
are comprised of single or multiple aeroderivative-type turbines.! Aeroderivative
turbines have lower exhaust temperatures (about 750-975 °F) than their larger industrial
frame turbine counterparts (as high as about 1100 °F); therefore frame turbines are a
common choice for combined-cycle and cogeneration plants because of the superior
thermal efficiency. As a result, there is much less experience with application of SCR
on industrial frame turbines in simple-cycle configuration.

Exhaust air cooling has been used on many simple-cycle aeroderivative turbine
applications to lower exhaust gas temperatures below 900 °F, so a vanadium catalyst
can be used (less expensive than zeolite). Air cooling is not as widely used on frame
machines. Although theoretically feasible, SCR system suppliers and power plant
proponents report it is not practical to cool an 1100 °F exhaust down to the range where
a combined-cycle system catalyst operates. The higher volume of air added creates the
need for flow straightening devices/baffles due to mixing/stratification issues. No major
technical feasibility issues have been cited from using high-temperature SCR with a
minimal level of exhaust cooling. The ARB’s Guidance for Power Plant Siting and Best
Available Control Technology states case-by-case BACT determinations may be
warranted for simple-cycle gas turbines with higher exhaust temperatures (i.e., industrial
frame turbines).

Operator Experience

ARB staff conducted a phone survey of gas turbine power plant operators in the State at
sites employing SCR for NOx reduction. ARB staff contacted 486 facilities and received
feedback from the representatives of 32 sites. The purpose of the survey was to obtain
feedback on the overall performance of SCR systems. In terms of emissions, operators
reported that the SCR systems have been performing as guaranteed by the
manufacturers. In the majority of responses, the catalyst has lasted considerably longer
than the three-year guarantees that are typical in today's market—the average catalyst
life was about nine years, with the longest going on 16 years. Over half of the operators
cited no environmental issues or concerns with the SCR system. About one-third of the
operators stated the most significant environmental concern with the SCR system is
dealing with ammonia (both aqueous and anhydrous); though of these, no one reported
any major incidences with ammonia handling and storage or experienced problems with
system operation. There were concerns expressed regarding ammonia slip emissions,
and the creation of a new poliutant (i.e., secondary particulate matter) from the attempt
to reduce NOx (see discussion in Chapter IV). Lastly, a couple of operators relayed
concemns about spent catalyst disposal and maintaining consistency and accuracy in
emissions and measurement due to the low levels required to meet BACT in California.

! As the name suggests, aeroderivative turbines were adapted to land applications from aircraft engine
designs. Because there are weight and size limitations for aircraft, aerodenvative turbines tend to be
lighter weight. Industrial frame-type turbines tend to be larger, more rugged, and better suited to base-
load operation.
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3. Concurrent Reduction of CO and VOC Emissions

Time of fuel dispensation, peak pressures, and combustion and exhaust temperatures
alt affect NOx formation. There typically is an inverse relationship between the
formation of NOx and CO. Higher combustion temperature and pressure levels, which
are often conducive to NOx formation, tend to be out of the range of ideal CO forming
conditions. If conditions within the chamber cool, NOx emissions come down, but CO
and hydrocarbons may rise in the form of an incomplete burn. Therefore, plants using
lean premix combustors in conjunction with SCR for NOx reduction typically utilize an
oxidation catalyst to concurrently meet BACT emission levels for CO and VOCs.

At this time, only two areas in California are designated nonattainment for the State CO
ambient air quality standards: Los Angeles County? and the City of Calexico in Imperial
County. CO violations arise primarily from concentrated motor vehicle emissions.
Nevertheless, district rules that require BACT for CO from gas turbines have generally
required the application of an oxidation catalyst to achieve single-digit emission
concentrations.

a. Technology Description

In catalytic oxidation, a catalyst is used to oxidize CO at lower temperatures. The
addition of a catalyst to the basic thermal oxidation process accelerates the rate of
oxidation by adsorbing oxygen from the air stream and CO in the waste stream onto the
catalyst surface to react to form carbon dioxide (CO,) and water. Typical control
efficiencies from an oxidation catalyst are from 80 to 90 percent.

Like CO emissions, VOC emissions have traditionally been abated with combustion
controls and oxidation catalysts. In addition, due to low VOC emission concentrations,
the control of VOC emissions from gas turbines was relatively unimportant to regulators
compared to those of NOx and CO. As a result, initial control of VOC experienced with
oxidation catalysts was more coincidental than intentional since the oxidation catalysts
were initially utilized to control CO.

b. Emission Performance

Permitted emission limits have generally been at 6 ppmvd at 15% O; or less for CO and
2 ppmvd at 15% O or less for VOC (see Appendix A). Available source test data
shows CO measurements in compliance with 8 ppmvd or less, with many results less
than 1 ppmvd at 15% O,. At least two power plants had initial problems meeting VOC
permit limits but were able to demonstrate compliance upon subsequent retest. Results
from current operating installations are given in Appendix B.

? The Board approved changes to area designations on January 22, 2004, deeming it nanattainment-
transitional.
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B. SCONOx™ Catalytic Absorption System

SCONOKx is a post-combustion, multi-pollutant control technology, originally developed
by Goal Line Environmental Technologies (now EmeraChem LLC).> Alstom Power
offers SCONOx for commercial sale and is the primary supplier for larger turbine
installations. WahlcoMetrofiex is also a supplier of SCONOx. The technology is
capable of reducing emissions by approximately 90-95 percent for NOx and 90 percent
for CO. Control efficiency for VOCs has varied, although there may be potential to
control VOC up to 90 percent. The VOC emission guarantee is determined on a case-
by-case basis based on the constituents in the exhaust gas.

1. Technology Description

The SCONOx system uses a single catalyst to remove NOx, CO, and VOC emissions in
the turbine exhaust gas by oxidizing nitrogen oxide {NO}) to nitrogen dioxide (NO,), CO
to CO3, and hydrocarbons to CO, and water, and then absorbing NO> onto the catalytic
surface using a potassium carbonate (K,CO3) absorber coating. The potassium
carbonate coating reacts with NO; to form potassium nitrites and nitrates, which are
deposited onto the catalyst surface. SCONOx does not use ammonia; therefore there
are no ammonia emissions from this catalyst system. The reactions are shown below.

Chemistry of the SCONOx Process
NQ + 1/202 —» NO;
CO+1/202 — CO2

CH20 + Oz - CO2 + H0
2NQ7 + KoC0a3 — CO2 + KNO2 + KNO,

The SCONOXx system is instailed downstream of the gas turbine after the HRSG;
whereas the SCR catalyst is installed within the HRSG in combined-cycle and
cogeneration power plants. The optimal temperature window for operation of the
SCONOXx catalyst is from 300-700 °F. Therefore, the system is not currently offered for
simple-cycle configurations.

Regeneration Cycle

When all of the potassium carbonate absorber coating has been converted to nitrogen
compounds, NOx can no longer be absorbed and the catalyst must be regenerated.
Regeneration is accomplished by passing a dilute hydrogen reducing gas (Hz) across
the surface of the catalyst in the absence of oxygen. Hydrogen in the gas reacts with
the nitrites and nitrates to form water and molecular nitrogen. Carbon dioxide in the gas

> SCONOx™ is the trade name originally used by Goal Line. EMx™ is the second-generation of the
SCONOx technology available through EmeraChem. Because the operating principle is the same, this
report uses SCONOXx to describe applications of both the original SCONQx catalyst and the improved
EMx catalyst.
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reacts with the potassium nitrite and nitrates to form potassium carbonate, which is the
absorbing surface coating on the catalyst.

Regeneration Reaction
KNQO2 + KNO3 + 4Hz + CO2 — KoCO5 + 4H20(g) + Na

The regeneration gas is produced by reacting natural gas with a carrier gas (such as
steam) over a steam reforming catalyst. The reformer catalyst initiates the conversion
of methane (CH,) to hydrogen. The reformer catalyst is located upstream of the
SCONOx catalyst in a steam reformer reactor. The SCONOXx reactor is composed of
modules that contain multiple sections. Each section has a set of louvers that
alternately close and seal each section of the module front and back for regeneration.

During regeneration, the operation of the SCONOXx catalyst at temperatures below
500 °F may produce small amounts of hydrogen sulfide. Operation of the catalyst at
temperatures above 500 °F may result in small amounts of suifur dioxides. These
emissions are typically below 5 percent of the Public Utilities Commission’s set limit for
sulifur.

SCOSOx® Catalyst

The SCONOx catalyst is sensitive to contamination by suilfur in the combustion fuel.
The SCOSOx catalyst is provided in conjunction with the SCONOx system as a “guard
bed” to remove sulfur compounds from the gas turbine exhaust stream. It is nearly
identical to the SCONOXx catalyst, except that it favors sulfur compound adsorption. The
SCOSOx catalyst blocks are placed upstream of the SCONOXx catalyst. The SCOSOx
system uses the same oxidation/absorption and regeneration cycle as the SCONOx
system. The regeneration gas used for the SCONOx and SCOSOx catalysts is the
same, allowing them to be regenerated simultaneously.

A typical SCONOXx system is comprised of a catalyst rack and reactor housing with
SCONOx and SCOSOx catalysts, catalyst module inlet and outlet dampers,
regeneration gas production and distribution system, regeneration gas condensing and
scrubbing system (optional), catalyst removal system, and instrumentation and control
equipment.
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Figure Il-1. Cross-Section of SCONOx System

Photo: Courtesy of Alstom Power
2. Emission Performance

The SCONOXx system is installed at a total of seven sites in the United States. The
permitted NOx emission limits for these facilities are given in Table IlI-3. Additional
information on emission limits and controls is summarized in Appendix A Table A-1.
Results from selected installations are described below.

Table [il-3. NOx Limits for Combined-Cycle and Cogeneration Gas Turbine Power Plants Using
SCONOx

T e Chl s x S kR __:‘g‘ﬁ'!ﬁ”; 44 oa s
9 ppmvd Water injection with 32 12/28/96  Federal Cogeneration, Los  No longer in
SCONOx Angeles, CA service

2.5 ppmvd, Dry low-NOx combustors 6.2 07/1/99 Wyeth Bio Pharma #1 Operating

15.0 ppmvd (oil) with SCONOx (Genetics Institute),
Andover, MA

2.5 ppmvd SCONOx 26 July 01 University of California San  Operating
Diego, San Diego, CA

2.5 ppmvd SCONOx 43 June 02  City of Redding Power Operating
Plant, Redding, CA

2.5 ppmvd, Dry low-NOx combustors 5.9 2003 Wyeth Bio Pharma #2, Operating

15.0 ppmvd (oil)  with SCONOx Andover, MA

2.5 ppmvd, Dry low-NOx combustors 52 NA Montefiore Hospital, Bronx, NA

15.0 ppmvd (oil)  with SCONOx NY

4 ppmvd target SCONOXx 8 Installed Los Angeles Intemational Control system

June 01 Airport, Los Angeles, CA shut down
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Instaliation Experience
Federal Cogeneration

SCONOXx was first demonstrated commercially at Federal Cogeneration in Los Angeles
commencing on December 28, 1996. The facility consisted of a 32-MW General
Electric LM2500 gas turbine at a cogeneration piant. Initially, six months of CEMS data
from June to December 1997 were reviewed by the United States Environmental
Protection Agency (U.S. EPA) and the South Coast AQMD. In a March 23, 1998, letter,
the U.S. EPA deemed 2.0 ppmvd NOx at 15% O, averaged over 3 hours as
demonstrated in practice. The South Coast AQMD subsequently determined BACT as
2.5 ppmvd NOx at 15% O, averaged over 1 hour.* Operating data from Federal
Cogeneration set a precedent that future combined-cycle and cogeneration gas turbine
projects subject to BACT must consider 2.5 ppmvd when making their BACT
determination for NOx emissions. The SCONOXx system is no longer in operation at this
site, because the entire plant shutdown in 2003 due to market factors.

Wyeth Bio Pharma (Genetics Institute) Unit 1

The system serving the Unit 1 generating turbine at Wyeth Bio Pharma in Andover,
Massachusetts, has been in operation since July 1, 1999. This installation operates at
650 °F to treat the exhaust gases from a Solar Taurus 60 gas turbine (6.2 MW) at a
cogeneration plant. Natural gas is the primary fuel; however, the turbine is also
permitted to use distillate fuel, which is fired during curtailment periods. Initially, when
the turbine operated for long periods of time using oil, the SCONOXx catalyst
experienced sulfur masking problems that reduced the effectiveness of the NOx
reductions. The masking was reversible, but required washing of the catalyst and
therefore, shutdown of the turbine. The conditional permit included an 18-month
commissioning period wherein the facility could continue to fine-tune the system to
achieve the 2.5 and 15.0 ppmvd NOx at 15% O; limits when firing natural gas and
distillate fuel, respectively. During that time, EmeraChem made modifications to the
SCONOx system such that oil usage no longer adversely affects the catalyst. The
Massachusetts Department of Environmental Protection reports that the turbine is
meeting its permit limits when firing natural gas and oil.

University of California San Diego

The system at the University of California San Diego has been in operation since July
2001. This installation operates at 420 °F to treat the exhaust gases from two Solar
SolLoNOx Titan 130S gas turbines (26 MW) at a cogeneration plant. Initially, the facility
was under a variance with the San Diego County Air Pollution Control District—the
turbines passed the start-up source test, but failed their Relative Accuracy Test Audit

* NOx limits of 2.0 and 2.5 ppmvd at 15% O, with 3- and 1-hour averaging times, respectively, are
generally recognized by California regulatory agencies as equivalent.
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(RATA).® The facility installed a multi-point probe and subsequently passed the test.
The plant operator reports that the permit limits are being met, but that maintenance is
more extensive than originally estimated. Quarterly CEMS reports from October 2002
through September 2003 indicate no excess NOx emissions. The plant operator reports
NOx measurements meet the 2.5 ppmvd at 15% O; permit limit between catalyst
washings, which are currently conducted about every four months. During the wash
process, the plant is down for about three days. The facility has determined that
emission levels are best met when all three layers of catalyst are washed, not just the
leading layer. Overall, the facility is pleased with the emissions performance, and they
attribute the more frequent washing to the engineering design of the regeneration
system (e.g., gas leaks and inefficiencies in regenerating sulfur from the SCOSOx
guard bed). Based on experience from this site, EmeraChem has improved the
regeneration system design.

City of Redding

The system at the City of Redding Power Plant in Redding, Califomnia, has been in
operation since June 2002 and has accumulated approximately 8,300 hours of run time.
This installation operates at 600 °F to treat the exhaust gases from an Alstom Power
GTX 100 gas turbine (43 MW) at a combined-cycle plant. Redding Power owns the
dampers but has a 15-year lease agreement on the catalyst from Alstom. As such,
Alstom is in charge of ongoing catalyst maintenance. The Shasta County Air Quality
Management District reports that there have been no major compliance issues in
meeting the 2.5 ppmvd at 15% O» NOx permit limit. To date, the SCONOXx catalyst has
required washing about three times per year, and the SCOSOx catalyst has not yet
required washing. The wash process is generally completed over a weekend. The
SCONOx reactor contains three layers of SCONOX catalyst. Since installation, the
leading layer of SCONOX catalyst has been replaced—the second and third layers are
the originals.

Los Angeles Intermnational Airport

The system at the Los Angeles International Airport is currently shut down and is the
subject of litigation. This installation proposed to treat the exhaust gases from two
Allison 501-KB5S dual fuel turbines (4 MW each). Natural gas was the primary fuel with
fuel oil used as backup only. The turbines are existing units that fall under an emissions
cap and have exhaust emissions of 40 ppmvd at 15% O;. The system was proposed as
a voluntary control measure; therefore BACT was not required. However, NOx
emissions after treatment with SCONOx were targeted at 4 ppmvd at 15% O,.

° The RATA is essentially an on-site analyzer comparison test between the CEMS analyzers and those
used by a RATA testing company. Both systems sample the same source and the results are subjected
to statistical analysis and compared. The average accuracy of the CEMS analyzer reiative to the RATA
analyzer must be within a specific percentage.
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C. Turbine-Integrated Controls

The control technologies described in this section are integrated into the basic turbine
equipment. While these technologies cannot currently meet California NOx BACT
requirements on their own, they are pollution prevention devices that help achieve
BACT emission levels by reducing the creation and amount of poliutants that would
otherwise be released prior to post-combustion treatment.

1. Lean Premix Combustors
a. Technology Description

The combustor is the space inside the gas turbine where fuel and compressed air are
burned. Conventional combustors are diffusion controlled—meaning fuel and air are
injected into the combustor separately and mix in small, localized zones. These zones
burn hot and produce more NOx. In contrast, lean premix combustors (also often
referred to as dry low-NOx combustors, or DLN, which GE pioneered in the early 1990s)
minimize combustion temperatures by providing a lean premixed airffuel mixture, where
air and fuel are mixed before entering the combustor. This minimizes fuel-rich pockets
and allows the excess air to act as a heat sink. The lower temperatures reduce NOx
formation.

b. Emission Performance

At this time, GE Power Systems is the only manufacturer to offer a large frame-type gas
turbine with DLN combustors that can achieve singie-digit NOx emissions (i.e.,

<9 ppmvd at 15% O;). Other power systems manufacturers sell gas turbines equipped
with lean premix combustors, but those units emit NOx in the 15-25 ppmvd range.
Table lll-4 contains a sampling of gas turbines that are available with lean premix
combustors and their corresponding exhaust NOx emission levels. The reader shouid
note that an aftermarket combustor is available that can achieve single-digit NOx
emissions (see discussion in Section 11.C.3.).

Table lll-4. NOx Emissions from Gas Turbines with Lean Premix Combustors

Solar Turbines SoLoNOx Titan 13038 13 <15
Pratt & Whitney FT4-C Twin Pac 49 15
GE LME000 48 25
GE Frame 7-1E/EA 85 9/25
GE Frame 7-1FA 171.7 9
Aistom Power GT24B 188 <25
Alstom Power GT26B 280.9 <25

Lean premix combustors alone cannot yet meet the current 2.5 ppmvd or less BACT
requirement for NOx—prompting the need for post-combustion control systems such as
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SCR and SCONOx. However, reduction of NOx emissions at the outset via lean premix
turbines has facilitated achieving the low NOx levels currently required as BACT in
California and elsewhere in the United States. Emission source test results from three
GE Frame 7FA-type gas turbines equipped with DLN combustors are included in
Appendix B Table B-2. Measured average emissions were less than 8 ppmvd NOx,
less than 1.5 ppmvd CO, and less than 1 ppmvd VOC at 15% O..

2. Xonon Cool Combustion™ Catalytic Combustor

Catalytica Energy Systems (spun-off from Catalytica, Inc. in December 2000 as a stand-
alone public entity) first discovered and began applying for patents for its Xonon Cool
Combustion technology in the late 1980s. Xonon utilizes a catalyst integrated into the
gas turbine combustor to limit temperature below the temperature where NOx is formed.
It also yields low CO and VOC emissions.

Each Xonon combustor is customized to the particular turbine model and application
and is defined through a collaborative effort with the turbine original equipment
manufacturer (OEM) to integrate the hardware into the design. Xonon is currently only
commercially available from Kawasaki Gas Turbines-Americas on a small 1.4 MW gas
turbine.

a. Technology Description

The Xonon Cool Combustion technology limits the formation of NOx emissions before
they can form. Fuel is partially combusted in the catalyst followed by complete
combustion downstream in the burnout zone. Partial combustion in the catalyst
produces no NOx, because the catalyst limits the temperature in the combustor and
helps stave off the production of NOx. Some fuel is combusted in the preburner to raise
the compressed air temperature.

Figure llI-2. Schematic of Xonon Cool Combustion Technology System

Main Fuet

Exhaust NOx
<2.8 ppm

Comprassor Dyive Turbine

Photo: Courtesy of Catalytica Energy Systems

20



b. Emission Performance

Xonon is installed or under construction at a total of five sites in the United States. The
permitted NOx emission limits for these facilities are given in Table {lI-5. Results from
operating installations are described below.

Permit Limit . " o bl o g

(at 15% 0y, Somirol Techriolo lity:Name and Lca ,

5 ppmvd Xonon cool combustion 1999 Silicon Valley Power, Santa Operating
Clara, CA (1.4 NW)

20 ppmvd Xonon cool combustion Nov. 2002 Sonoma Development Center, Operating
Eldridge, CA (1.4 MW)

3.0 ppmvd Xonon cool combustion Nov. 2003  Plains Exploration & Operating
Production Company (1.4 MW)

NA Xonon coo! combustion NA Pacific Union College, Angwin, Under construction
CA (1.4 MW)

3 ppmvd Xonon cool combustion NA Readers Digest Association, Under construction

Pleasantville, NY (1.4 MW)

Silicon Valley Power

The Xonon system was first designed into the combustor of a 1.4 MW Kawasaki Model
M1A-13A gas turbine and began operating at Silicon Valley Power in Santa Clara,
California, in 1999. Since its installation, the turbine has operated as a demonstration of
Xonon's performance and as a development and test unit in support of commercial
program initiatives for customers. More than 18,000 hours of Xonon performance data
has been accumulated on the demonstration unit.

Performance claims have been verified by the U.S. EPA through the Environmental
Technology Verification (ETV) Program. U.S. EPA reviewed test results from the
Silicon Valley Power facility conducted in July 2000 and verified the NOx emission
results given in Table {l1-8.

Table llI-6. U.S. EPA ETV Program Verification Statement of Xonon NOx Control Performance

SRRV SO

59-77 °F T 98-09% T 0,026

The ARB also analyzed performance claims through its Equipment and Process
Precertification Program. The ARB staff reviewed NOx and CO CEMS data from
June 15, 1999 to December 16, 1999, from the same facility. Data reviewed included

21



15-minute and 1-hour rolling average emission values, including startup and shutdown
periods. After evaluating all the test data, ARB staff concluded that Xonon achieved a
NOx level of 2.5 ppmvd at 15% O, and a CO level of 6.0 ppmvd at 15% O, over a 1-
hour rolling average at 98 percent or greater operating load of design capacity.

Sonoma Developmental Center

This system was a retrofit and has been operating since November 2002 in Eldridge,
California. This installation consists of a Kawasaki MIA-13X (1.5 MW) gas turbine at a
cogeneration plant. The modification did not trigger New Source Review, so the
previous BACT limits were retained: 20 ppmvd NOx and 50 ppmvd CO at 15% O,
averaged over 3 consecutive hours. The expected performance was 3 ppmvd NOx and
10 ppmvd CO. The manufacturer reports that the unit has consistently achieved
continuous NOx emission levels below the emission target—on the average, NOx
emissions are under 2.0 ppmvd at 15% O..

Plains Exploration & Production Company

This system was a new installation and represents the first complete commercial
installation. It has been operating since November 2003 in San Luis Obispo, California.
This installation consists of a Kawasaki GPB15X (1.4 MW) gas turbine at a
cogeneration plant. The permitted limits are 3.0 ppmvd NOx, 10.0 ppmvd CO, and 2.0
ppmvd VOC at 15% O, over a 3-hour rolling average. The manufacturer reports that
the unit has consistently achieved continuous NOx emission levels below the permit
limit—on the average, NOx emissions are around 0.8 ppmvd at 15% O,.

c. Commercial Availability

As a result of a collaborative agreement announced in December 2000, Kawasaki Gas
Turbines-Americas markets and sells a GPB15X generator package includinga 1.4-
MW M1A-13X gas turbine equipped with Xonon. Kawasaki will provide a performance
guarantee for NOx of 3.0 ppmvd and 10.0 ppmvd at 15% Oz on a continuous basis over
a 70-100 percent turbine operating load.

On April 25, 2001, Catalytica Energy Systems announced the shipment of full-size, pre-
commercial Xonon catalyst modules to GE Power Systems. The modules have been
undergoing testing at Nuovo Pignone (a GE Power Systems business) in Florence,
Italy, in support of commercial delivery of GE10 gas turbines (11.3 MW) equipped with
Xonon. Currently, there is no firm timeline for commercial delivery of a GE10 turbine
with Xonon.

In October 2001, Catalytica Energy Systems entered into an agreement with Solar
Turbines for adaptation of Xonon to the Solar Taurus 70 gas turbine. The first Xonon
test moduie was delivered to Solar in December 2002 in preparation for initial testing
during 2003.
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3.  Low Emissions Combustor (LEC-II™) Liner

Power Systems Manufacturing LLC, a subsidiary of San Jose, California based Calpine
Corporation, has developed its proprietary Low Emissions Combustor Ill (LEC-1I™)
liner that produces single-digit NOx and CO emissions without post-combustion
controls.

a. Technology Description

The LEC-I™ liner is a patented aftermarket system designed to be a “drop-in”
replacement for existing GE frame gas turbine combustors outfitted with either diffusion
or DLN combustors. Power System’s lean, premixed combustion design involves
premixing of fuel and air in the combustion system through innovative fuel gas injection
methods and liner design. A forward-cooling flow venturi (the flame holder) in the
combustion liner injects spent cooling air directly into the liner's head end premixing
chamber—reducing CO spikes at machine part load conditions. In addition, efficient
cooling of the combustion liner is achieved through effusion cooling, where over 5,000
dimensionally controlled holes arrayed around the head end of the liner eliminate the
need for thermal barrier coating. This improves cooling air requirements, aides in
fuel/air mixing, and provides a more uniform thermal environment. The liner design
allows for excellent heat transfer performance, low metal temperatures, and reduced
NOx and CO emissions.

b. Emission Performance

The LEC-III™ Jiner system was first installed in an existing 70-MW GE Frame 7EA gas
turbine at TransAlta Cogeneration in Alberta, Canada, in 2001. Prior to the retrofit, the
lowest emission levels from the turbine were reported at 17 ppmvd NOx and 14 ppmvd
CO at 15% O,. After installation of the LEC system, emission levels of 6 ppmvd NOx
and 2.5 ppmvd CO (average) at 15% O, were measured. The turbine has since
undergone a 24,000-hour major overhaul, which included removal and return of the
hardware to the manufacturer for refurbishment. Reinstallation is planned for
September 2004.

The second installation of the LEC-Ii™ liner system occurred in March 2003 at Dow
Chemical’'s Power 8 facility in Freeport, Texas, on an 83-MW GE Frame 7EA gas
turbine. The manufacturer offered an 8-ppmvd NOx guarantee with a design target of 5
ppmvd at 15% O2. Testing was conducted in April 2003 and emission leveis of 4.75
ppmvd NOx at 15% O, were reported while the turbine was operated without duct
burners. During duct burner firing, NOx emissions were between 6.75 to 89.09 ppmvd at
15% O3, all with CO emissions below 1 ppmvd at 15% O,. NOx emissions over the
entire premixed operation gas turbine load range were below 5 ppmvd at 15% 0,

Two additional units wili go into service in Texas in 2004.
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c. Commercial Availability

The product is offered commercially for the GE Frame 7E/EA (85.4 MW) and GE 6B
(42.1 MW) turbines. The guaranteed NOx and CO emission concentrations in the
exhaust are 5 ppmvd at 15% O; for both pollutants. The system is under development
for the Siemens Westinghouse 501D5 gas turbine (173 MW). Additional development
programs in 2004 involve the use of hydrogen-fuel blending to help drive emissions
down to 2 ppm NOx as well as continued work on LEC systems for the

GE 7FA (170 MW) and Siemens Westinghouse 501FD2 {283 MW) machines.

D. Zero-Slip™ Ammonia Reduction Technology

A new control technology called Zero-Slip technology has been developed for
simuitaneous control of NOx and ammonia emissions from combined-cycle gas turbine
power plants. This system is being jointly demonstrated and offered for commercial
sale by Cormetech and Mitsubishi Power Systems.

1. Technology Description

The system consists of a layer of conventional SCR catalyst followed by the Zero-Slip
catalyst. Ammonia is injected into the combustion turbine exhaust through the ammonia
injection grid (AlG). The exhaust continues through an optional static mixer to reduce
non-uniformities and then flows through the SCR and Zero-Slip catalysts. Vendors
report ammonia slip reduction to zero with NOx reductions of 90 percent and higher.
The Zero-Slip catalyst consists of layers for both denitration and ammonia oxidation
balanced to achieve zero ammonia slip. The net reactions are shown below.

Zero-Slip™ Catalyst Reaction
NO + NH3 + 1/407 — Nz + 3/2H:0
NH3 + 5/40; -» NO + 3/2H;0

2. Emission Performance

The first commercial demonstration of the Zero-Slip system is currently in operation at
Paramount Petroleum Corporation, located in Paramount, California, within the
jurisdiction of the South Coast AQMD. Paramount Petroleum is a natural gas-fired
cogeneration plant consisting of a 7.5-MW Solar Taurus 70S gas turbine equipped with
dry low-NOx combustors and a duct-fired HRSG. Emission controls include an
oxidation catalyst, SCR catalyst, and the Zero-Slip catalyst. The turbine's permitted
emission limits are 2.5 ppmvd NOx, 6 ppmvd CO, 2 ppmvd VOC, and 5 ppmvd
ammonia, at 15% O, averaged over 60 minutes. The plant has been online for
approximately one year.

Initial startup source tests measured VOC emissions in excess of the permitted limit.
The facility was granted a variance by the South Coast AQMD and has conducted a
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series of foilow-up tests to pinpoint the problem. Measurements taken across each
catalyst in the series showed a possible recombining of hydrocarbons across the
various catalyst beds—particularly a consistent VOC emissions increase across the
Zero-Slip catalyst. However after further investigation, facility representatives found
lube oil contamination in the turbine and duct burner and determined this to be the likely
cause of the problem. The contamination is being corrected and the facility anticipates
they will have source test results in April 2004. Although VOC emissions initially
exceeded permit levels due to the suspect contamination, CO and NOx emissions
levels have been below permit limits. In addition, the NH3 emission level was measured
at 0.1 ppmvd or less, which is also well below the permit leve! of 5 ppmvd.
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IV. _ ENVIRONMENTAL IMPACTS

This chapter is intended to provide an overview of potential environmental impacts
associated with the use of NOx emission control technologies for gas-fired turbines.
While characterized as the cleanest of all the fossil fuels, the combustion of natural gas
itself produces both criteria and toxic air pollutants (see Table 1V-1). The impacts
described herein are those environmental effects directly related to the use of the NOx
contro! equipment.

NOXx emission control technologies that are integrated into the combustion turbine itself
can be considered pollution prevention equipment, because they reduce or eliminate
the creation and amount of poliutants that would otherwise be released into the
environment. The reduction of poliutants up-front lessens the hazards to public heaith
and the environment associated with the release of such substances. ARB staff did not
identify any substantial auxiliary environmental impacts from controls that are built into
the combustion turbine unit. Therefore, the discussion focuses on potential
environmental impacts associated with the post-combustion control systems, SCR and
the SCONOX catalytic absorption system.

Table IV-1. Toxic Air Contaminants, Hazardous Air Pollutants, and Criteria Pollutants from Natural
Gas Combustion in Turbines

T S T, T p——
TACIHAP:: Adverse Health Effects o
Chlcrine Resplratory, eye, and skin irritant; possible asthma exacerbation.
Formaldehyde Eye and respiratory irritant, asthma exacerbation, decreased puimonary function, probable
carcinogen.
Benzene Hematotoxic, carcinogen.
Nickel Respiratory irmtant, demmatitis, asthma.
Manganese Neurotoxicity, developmental toxicity.
Cobalt Respiratory irmitant, cardiac effects, immunological effects.
Chromium Contact dermatitis, skin and nasal irritant, bronchitis, asthma, developmantal effects,
carcinogen.
Toluene Respiratory and eye imitant, central nervous system depressant.
Acetaldehyde Respiratory iritant, possibie asthma exacerbation, probable carcinogen.
N-Hexane Mild central nervous system effects, polyneuropathy.
M-Xylenem O-Xylene Respiratory, eye, nose, and throat irritant; central nervous system depressant; possibie

gastrointestinal effects.

Ethylbenzene Resplratory, _eye, nose, and throat iriitant; central nervous system depressant
rEffe - T

FCrteria Pollutant: - ;
Ozone (precursors, N Eye and respnratory lmtant ast ma exacerbanon
VOC)
Oxides of nitrogen Respiratory imitant, immunosuppressant, asthma exacerbation.
Carbon monoxide Headache, ifritability, impaired judgement and memory, breathlessness, aggravation of angina
and other cardiovascular diseases, developmental toxicity.
Particulate matter Respiratory irritant; high levels associated with increased incidence of cardiovascular and lung

failure in elderly, asthma in children.

A. Selective Catalytic Reduction

1. Ammonia Slip
As described in Chapter lll, SCR uses ammonia as a reducing agent in the process of
controliing NOx emissions from gas turbines. The portion of the unreacted ammonia

passing through the catalyst and emitted out of the exhaust stack is called “ammonia
slip.”
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Ammonia as a Toxic Air Emission

Ammonia is not a federal hazardous air poliutant or a State identified toxic air
contaminant. However, due to acute and chronic non-cancer health effects, ammonia is
potentially regulated under air district risk management programs. Such programs may
include toxic New Source Review rules or policies and the requirements of the Air
Toxics “Hot Spots” Program (California Health and Safety Code §44360 et seq.).
Ammonia is listed under the Hot Spots Program, and therefore, sources are required to
report the quantity of ammonia they routinely release into the air. Gas turbines using
SCR typically have been limited to 10 ppmvd at 15% O, ammonia slip. However, levels
as low as 2 ppmvd at 15% O have been proposed and guaranteed by control vendors,
and the ARB recommends that air districts evaluate slip limits of 5 ppmvd at 15% O, or
less.

Ammonia as a PM2.5 Precursor

Ammonia reacts with other pollutants to produce particulate matter. Ambient fine
particulate matter (known as PM2.5) is composed of a mixture of particles directly
emitted into the air and particles formed in air from the chemical transformation of
gaseous pollutants (secondary particles). Principle types of secondary particies are
ammonium sulfate and ammonium nitrate, which form in air from gaseous emissions of
sulfur oxides and NOX, reacting with ammonia.

With the exception of the South Coast AQMD, ammonia is not currently regulated by air
district New Source Review rules. New Source Review rules regulate criteria pollutants
and their regulatory precursors. Although ammonia is recognized to contribute to
ambient particulate matter concentrations, it is not listed in any California New Source
Review rule as a precursor to PM10. As a result, air districts have regulated ammonia
since the mid-1980s under nuisance and toxic air contaminant rules.

Prompted by the promulgation of new national ambient air quality standards for PM2.5
in 1997 and the establishment of a new State annual PM2.5 standard in June 2002
(effective July 5, 2003), the ARB has been working to assess the extent of and primary
source contributors to the fine particulate matter problem in California.

PM2.5 Nonattainment Areas

Under the federal Clean Air Act, states must develop plans, known as State
Implementation Plans (SIPs), describing how and when they wil attain the national
ambient air quality standards. State PM2.5 area designation recommendations are due
to U.S. EPA in February 2004 and U.S. EPA will finalize designations by December
2004. A nonattainment designation means that the State must submit its SIP to U.S.
EPA within three years after final designations are made (in 2007). ARB will
recommend four nonattainment areas for the federal PM2.5 standards: South Coast,
San Joaquin Valley, San Diego, and the City of Calexico.
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State law does not require air districts to prepare plans for attaining PM standards, but
does require that they adopt rules and regulations to attain them as expeditiously as
possible. On January 22, 2004, the Board adopted new State area designations for
PM2.5 and changes to existing State area designations for ozone, CO, and sulfates.
The only attainment area for PM2.5 is the Lake County Air Basin (see Appendix C for
PMz2.5 area designations for all California air basins).

Ammonia Inventory

Most regions with air quality concerns have already estimated emissions for the
particulate matter precursor gases—NOXx, oxides of sulfur (SOx), and VOC—however
they do not have estimates of ammonia emissions. The ARB has been working on
developing a comprehensive ammonia inventory, and has developed preliminary
emission inventories from most potential ammonia sources in the State. Most of the
potentially significant sources of ammonia are area-wide sources such as livestock,
fertilizer application, and soils.

Regarding ammonia slip from power piant NOx emission controis, the estimates show
this to be a relatively minor source of ammonia. For example, in the South Coast, the
power plant related ammonia emissions are estimated at 0.6 tons per day, or 0.3
percent of the total ammonia emissions (see Figure IV-1). In the San Joaquin Valley,
the power plant related ammonia emissions are approximately 0.6 tons per day, or 0.2
percent of the total ammonia emissions (see Figure IV-2).

Figure V-1, Year 2000 Ammonia Inventory for South Coast AQMD (tons per day)
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Source: Final 1997 Gridded Ammonia Emission Inventory Update for the South Coast Air Basin; prepared by AVES,
ENVIRON, and others for the South Coast AQMD; August 2000.
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Figure IV-2. Year 2000 Ammonia Inventory for San Joaquin Valley APCD (tons per day)

250+

Source: Primary data developed from: California Regionat PM$0/PM2.5 Air Quality Study, Ammonia Emission
Improvernent Projects in Support of CRPAQS, Aercsol Modeling and Data Analyses, and Draft Ammonia Inventory
Development; ENVIRON Intematicnal Corporation; September 6, 2002.

Work is still ongoing on the ARB's fine particulate matter program, which includes
expanded air quality monitoring, emission inventory improvements, development of
improved air quality models, and comprehensive field studies to more accurately assess
the relative contribution of various emission sources to the measured ambient PM2.5
levels.

Air districts should consider the impact of ammonia slip on meeting and maintaining
PM10 and PM2.5 standards, particularly in regions where ammonia is the limiting factor
in secondary particulate matter formation. Where a significant impact is identified, air
districts could revise their respective New Source Review rules to regulate ammonia as
a precursor to both PM10 and PM2.5.

2, Ammonia Handling and Storage

Every SCR system must utilize some form of ammonia reagent. Typical sources are
anhydrous ammonia (concentrated ammonia stored as a liquid under pressure) and
aqueous ammonia (mixture of ammonia with water, usually 19-29% ammonia by
weight). Both anhydrous and aqueous ammonia are on the California list of acutely
hazardous materials. The handling and storage of hazardous materials are regulated
under numerous federal, State, and local laws that require certain process safety,
accident prevention, emergency planning, and release reporting of hazardous materials.
Table V-2 contains a sampling of laws pertaining to the handling and storage of
hazardous materials.
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Table IV-2. Hazardous Material Laws, Ordinances, Regulations, and Standards

_Laws, Ordinances, Regulations, an Descnpnon and Appli

Comprehensive Environmental Response, 3in p!anmng activities when Extrem y Hazardous

Requires ce

Compensation, and Liability Act/Superfund Substances are present in excess of their Threshold Planning Quantity

Amendment and Reauthorization Act (TPQ).

{CERCLAJ/SARA) Section 302

CERCLA/SARA Section 304 Requires notification when there is a release of hazardous matenal in
excess of its Reporiable Quantity.

CERCLA/SARA Section 311 Requires a Material Safety Data Sheet (MSDS) for every hazardous
matenal to be kept on site and submitted to the State Emergency
Response Commission, Local Emergency Planning Committee, and the
local fire department.

CERCLA/SARA Section 313 Requires annual reporting of releases of hazardous materiais.

Clean Air Act Requires a Risk Management Plan (RMP) if listed hazardous matenials
are stored at or above a Threshold Quantity.

Clean Water Act Requires preparahon of a Spill Preventlon Control and Countermeasures

Hazardous Materials Release Response Plans Requires preparatnon of a Hazardous Materials Busmess Plan if

and Inventory Act (HSC §25500 et seq.) hazardous materials are handled or stored in excess of threshold
quantities.

Califomia Accidental Release Prevention Requires registration with locai Certified Unified Program Agency (CUPA)

(CalARP) Program (HSC §25531-25543.4) or lead agency and preparation of a RMP if acutely hazardous materials

are handled or stored in excess of their TPQ.

Aboveground Petroleum Storage Act Regquires entities that store petroleum in aboveground storage tanks in
excess of certain quantities to prepare a SPCC Plan.

Safe Drinking Water and Toxics Enforcement Act Requires waming to persons exposed to a list of carcinogenic and
roductwe toxms and protection of drinking water from same toxins.

‘ Controls storageof azardous materials and wastes and the
storage of lammable/combustible liquids.

Since 1999, the CEC has approved over 30 gas turbine power plant projects using SCR
for NOx emission reduction (see Table IV-3). Most sites selected aqueous ammonia as
the reagent to lessen the associated risk. In these cases, the combination of regulatory
requirements and proposed mitigation strategies was determined to be adequate to
reduce the potential risk of public health impacts due to any accidental release not
addressed by a project’'s proposed spill prevention mitigation measures. With respect to
hazards associated with ammonia, it appears there is no compelling reason not to use
SCR for NOx control unless there are unusual circumstances specific to a facility that
would make ammonia use a high-risk option.
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Table IV-3. Post-Combustion NOx Control Technologies for Gas Turbine Power Plants Approved
by the California Energy Commission since 1997*

Srzﬂ " Gl i

Sutter Power Plant 540 Feather River SCR Anhydrous Qperating since July 2001

Los Medanos 555 Bay Area SCR Aquecus Operating since July 2001

Deita 887 Bay Area SCR Anhydrous Operating since May 2002

Moss Landing 1,060 | Monterey SCR __Agueous Operating since July 2002

La Paloma ) 1,124 | San Joaquin Valley SCR Agueous Operating since March 2003
| High Desert 830 Mojave Desert SCR Agquecus Operating since April 2003

Elk Hills 500 San Joaquin Valley SCR Agueous Operating since July 2003

Blythe Phase | 520 Mojave Desert SCR Agueous Operating since October 2003

Henrietta Peaker 96 San Joaquin Valley SCR Agueous Operating since July 2002

Los Esteros 180 Bay Area SCR Agueous Operating since March 2003

Tracy Peaker 169 San Joaquin Valley SCR Agqueous Operating since June 2003

Pico Power 147 Bay Area SCR Agueous Under construction

Magnolia 328 South Coast SCR Aqueous Under construction

SMUD Cosumnes 500 Sacramento SCR Agueous Under construction

Pastoria 750 San Joaquin Valley SCR Agueous Under construction

Metcalf 800 Bay Area SCR Adqueous Under construction

City of Vemon 134 South Coast SCR Aquecus Under censtruction

Mountainview 1,056 | South Coast SCR Agueous Re-financing project

Westermn Midway-Sunset 500 San Joaguin Valley SCR Aqueous On hold

Otay Mesa 510 San Diego SCONOx or Aqueous (if | Construction on hold

SCR SCR)

Three Mountain 500 Shasta SCR Agqueous On hold

Contra Costa 530 Bay Area SCR Agueous Construction on hold

Russel City 600 Bay Area SCR Aqueous On hold

Palomar Escondido 546 San Diego SCR Aqueous Financing project

East Altamont 1,100 | Bay Area SCR Anhydrous On held

Inland Empire 670 South Coast SCR Agueocus On hold

San Joaquin Valley 1,087 | San Joaquin Valley SCR Adueous On hold

Energy Center

*Does not include emergency peaker projects.

3. Spent Catalyst Waste

Once the activity level of the SCR catalyst has sufficiently diminished, it must be
removed and replaced with fresh material. The generator has the option of either
disposing the spent catalyst in a landfill or having a third party recycle it. Some catalyst
manufacturers offer a disposal service for spent catalyst. Typically, they either
reactivate the catalyst for reuse or recycle catalyst components for other uses. Where
spent catalyst cannot be reactivated or recycled, it is disposed of in approved landfills.

Typical SCR catalysts are composed of the base metals titanium and vanadium.
Although vanadium is not a federai Resource Conservation and Recovery Act (RCRA)®
hazardous waste constituent, it is on the California list of hazardous waste constituents.
Therefore, the generator must assess the vanadium concentration of the spent catalyst
and determine whether it fails the California toxicity characteristic (22 California Code of
Regulations §66261.24). As a non-RCRA hazardous waste, the spent catalyst would
be subject to hazardous waste handling requirements while in California.

® RCRA gave U.S. EPA the authority to control hazardous waste fram "cradle-to-grave.” This includes the
generation, transportation, treatment, storage, and disposal of hazardous waste. RCRA also set forth a
framework for the management of non-hazardous wastes.
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The general handling and disposal requirements for RCRA and non-RCRA wastes are
the same while the waste is in the State, but the handling and disposal requirements are
different when the waste is taken out-of-state. A registered hazardous waste
transporter must haul the waste while in the State, but once out of the State, non-RCRA
wastes can be hauled by common carrier. Many states allow non-RCRA waste to be
disposed of in non-hazardous fandfills or non-hazardous treatment facilities (like
recyclers), though some require hazardous wastes to retain the designation of the state
of origin.

B. SCONOx Catalytic Absorption System
1. Spent Catalyst Waste

The SCONOXx catalyst is a platinum-based substrate with a potassium carbonate
coating. Platinum is not listed as a hazardous constituent in either the federal or State
list of hazardous waste constituents. Therefore, it would not be regulated as a
hazardous waste unless the catalyst carried some other kind of hazardous constituent.
As the catalyst contains a precious metal (platinum) component that yields a salvage
value, a management program for the catalyst can include the repurchase of the spent
catalyst by the manufacturer.

2. Catalyst Regeneration System

As described in Chapter lll, the regeneration cycle of the SCONOx catalyst is
accomplished by passing a controlled mixture of regeneration gases across the surface
of the catalyst in the absence of oxygen. The catalyst is regenerated by introducing
natural gas with steam as the carrier gas to a steam reforming catalyst and then to the
SCONOXx catalyst. The reforming catalyst initiates the conversion of methane in the
natural gas to hydrogen, and the conversion is completed over the SCONOXx catalyst.
Parasitic steam and natural gas quantities for a 500-MW combined-cycle power plant
are estimated to have minor overall impacts at three (3) percent and less than one (1)
percent of total plant requirements, respectively.

3. Catalyst Washing

The SCOSOx guard bed catalyst is not 100 percent effective in the capture of sulfur
compounds, so it is necessary to wash the SCONOXx catalyst to remove masking
compounds. The washing process uses de-ionized water and potassium carbonate
solution to rejuvenate the catalyst to its original level of activity and prevent the need for
frequent replacement. The process inciudes removal of the SCONOX catalyst from the
HRSG, washing of the catalyst on-site, and re-installation of the washed catalyst.
EmeraChem estimates that the leading layer of SCONOX catalyst will require washing
every 8,000 hours of operation, or about once per year for a baseload plant—though
experience at the facilities described in Chapter Il indicates more frequent washing may
be needed to fully optimize NOXx reduction. The time interval required to wash the
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leading layer of SCONOX catalyst is estimated at two to three days. The remaining
charge of catalyst is washed every 24,000 hours, or every three years. The waste
stream of wash solution is caustic but is not considered a hazardous waste. It can be
neutralized and disposed of in a public sewer system. For power plants that do not
have ready on site access to a public sewer system, other options exist, including but
not limited to, disposal of wastewater to land or surface water if allowed by applicable
water quality regulations or transport of the wastewater to an off-site disposal facility or
public sewer system that would accept the wastewater.

Alstom Power estimated the annual wash water requirement for a typical 500-MW gas
turbine combined-cycle power plant is approximately 12,000 galions of de-ionized
water. This represents less than one (1) percent of a power plant’s total water use. For
example, factoring the loss of water from evaporation, drift, and blowdown, total makeup
water requirements for a typical 500-MW combined-cycle power plant using wet cooling
towers is about 250 gallons per MWHh, or 3 million gallons per day. For dry cooling, the
consumptive water use is estimated to be 50 gallons per MWh, or 600,000 gallons per
day.
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V. CONTROL COST INFORMATION

Emission levels considered “achieved-in-practice” may be required as BACT in
California without consideration of the cost of the control technologies needed to
achieve them. However, most air districts in California are required to consider more
stringent control technologies than those achieved-in-practice. The more stringent
controls must be both technologically feasible and cost effective.

The data provided in this chapter is for informational purposes and contains a
compilation of capital cost and operation/maintenance (O&M) cost estimates from
various sources, including CEC siting case documents, local air district BACT analyses,
control system vendors, and environmental consultants. As a general rule, vendors
consider certain cost numbers as proprietary, which prevents a detailed and completely
equitable cost breakdown analysis. The cost values should only be used for relative
comparison purposes. They are not intended to be basis for detailed engineering,
marketing, or policy decisions. The respective control technology vendor should be
consulted for the most accurate cost information based on site-specific characteristics.

Table V-1 contains averaged cost values for SCONOx and SCR for a 500-MW
combined-cycle power plant consisting of two combustion gas turbines and one steam
turbine meeting BACT requirements.” Where available, the cost of an oxidation catalyst
is included with the SCR system for comparable evaluation with SCONOX's multi-
pollutant reduction capabilities. Cost figures show that the SCR/oxidation catalyst
package is less than the SCONOXx system.

Table V-1. Estimated Average Cost of Post-Combustion Control Technology for a 500-MW
Combined-Cycie Gas Turbine Power Plant Meeting BACT

s Al e R VAN Sk -.Q«.A..c s B
20,747,637 1,355,253 3,027,653

Table V-2 contains cost values for SCR at a simple-cycle gas turbine power plant
meeting BACT. As mentioned in Chapter lll, the SCONOx system is not available for
use in simple-cycle configurations because the turbine exhaust temperatures are
outside the effective range of the control technology.

" The SCONOX system has not been installed at a 500-MW power plant to date. The estimated average
cost is based upon a scaling up of the technology.
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Table V-2. Selective Catalytic Reduction Cost Estimates for a Simple-Cycle Gas Turbine Power
Plant Meeting BACT

' Make/Mod (3) et 548F
Estimate 1 Pratt & Whitney 427,560
(April 2001} FT4-C TwinPac (w/o CO)

Estimate 2 48 GE LM6000 1,500,000 -
{December 2003)

Table V-3 contains cost values for SCONOx at smaller combined-cycle/cogeneration
facilities. The first two estimates represent generic power plants meeting BACT
requirements. The last two entries consist of O&M cost data provided by two actual
SCONOx installations.

Table V-3. SCONOx Cost Estimates for Combined-Cycle and Cogeneration Gas Turbine Power
Plants Under 50 MW

Estimate 1 5.2 Solar Taurus 60 950,000 Fuel and steam use + » Regeneration fuel is 0.6% of
(February 2004) approx. $12,000 for fuel input
catalyst washing y Steam use is 1,050 ib/hr
Estimate 2 14 Solar Titan 130 1,650,000 Fuel and steam use + » Regeneration fuel is 0.6% of
{February 2004) approx. $25,000 for fuel input
catalyst washing » Steam use is 2,370 Ib/hr
Actual Installation 43 Alstom GTX100 - $138,000 (approx. $69,000 | » SCONOx catalyst infout labor,
{City of Redding) per wash event at 2 $25,000
washes per year) » SCONOx catalyst wash,
$33,000
» Reformer catalyst inJout labor,
$3,000
» Reformer catalyst wash,
$8,000
Actual Installation 26 Solar SoLoNOx - $240,0000 (approx. » Potassium carbonate solution,
(U.C. San Diego) Titan 1308 $80,000 per wash event at | $8,000/urbine
3 washes per year) » Labor, $25,0000/engine
» Cost of replaced grid power,
$6,000/day

Table V-4 contains cost estimates for the turbine-integrated NOx control technologies—
Xonon and Low Emissions Combustor liner. As described in Chapter Ill, the Xonon
combustor is built into the original turbine equipment. Therefore, the cost includes the
complete gas turbine generator package. The Low Emissions Combustor liner is an
aftermarket, drop-in device and does not include the cost of the gas turbine generator
unit.
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Table V-4. Control Cost Estimates for Turbine-lntegrated NOx Control Technologies

‘ ~- Qutput - Turbine .- Installe
: L TN Modal -Cost($). e G
onon Coo 1.4 GPB15X 1.27 million ompiete gas turbin 1.

Combustion package. Fuel gas overhauls,
compressor, HRSG, scheduled
etc. not included. maintenance.

Low GE 7EA 854 PG7121EA | 2.0 million Retrofit dry, lean No increment over OEM DLN

Emissions premix combustion system

Combustor system

1

Low GE 6B 421 PG6581B 1.7 million | Retrofii dry, lean No increment over OEM DLN

Emissions premix combustion system

Combustor system

1]
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